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ABSTRACT 
 
Pourbaix diagrams (electrode potential-pH diagrams) for Ti-Br–-H2O system at 25 ºC in 
the absence and presence of titanium hydrides were developed in 400 g/L, 700 g/L, 850 
g/L, and 992 g/L LiBr solutions. The diagrams were compared with the simple Ti-H2O 
system at 25 ºC. Comparison of the simple Ti-H2O system with the diagrams of the Ti-
Br–-H2O system at 25 ºC showed that the titanium solubility range in the acid, neutral, 
and weak alkaline areas of the diagrams extended slightly to both higher pH values and 
potentials with increasing bromide ion activity and decreasing water activity. 
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1. Introduction 
 
 Aqueous solutions containing high concentrations of lithium bromide (LiBr) are 
typical absorbent solutions in heating and refrigerating absorption systems that use 
natural gas or steam as energy sources [1-6]. Although LiBr possesses favourable 
thermophysical properties, it can cause serious corrosion problems on metallic 
components in refrigeration systems and heat exchangers in absorption plants [7-36]. 
 
With the advances in refrigeration technology new double effect LiBr absorption 
systems have been developed. These systems exhibit a higher energetic efficiency than 
single effect machines, although they also reach higher temperatures, which may cause 
important corrosion problems. Titanium is used in heat exchangers as it possesses good 
thermal, mechanical, and corrosion resistance properties. The high corrosion resistance 
of titanium is due to the formation of a stable, adherent, tenacious, and permanent oxide 
film on its surface. This film protects titanium and gives it its excellent resistance to 
corrosion in a wide range of aggressive media, such as halide solutions. That is why 
titanium can be employed in LiBr absorption refrigeration systems. Despite this, few 
studies have been found in the literature that analyze titanium corrosion resistance in 
highly concentrated LiBr solutions [8,13,15,26,30]. 
 
 One of the most relevant problems that corrosion can cause in these systems is 
the generation of hydrogen as a consequence of the electrochemical phenomenon. The 
generation of hydrogen causes significant efficiency losses due to the presence of non-
condensable gases since theses machines work under vacuum conditions. The effect of 
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non-condensable gases on the performance of absorbers has been studied previously 
[37,38]. They reported that the evolution of hydrogen in the LiBr/water absorber 
reduces its absorption performance, reducing the absorption system’s overall coefficient 
of performance (COP). Some previous corrosion studies on several materials have 
determined that hydrogen increases the anodic current density, and decreases the 
stability of passive film and hinder the repassivation process [31,39,40]. 
 
 Chemical and electrochemical equilibria data are commonly represented in 
Pourbaix diagrams, which are electrode potential-pH diagrams. Pourbaix diagrams have 
been extensively used to predict and analyze corrosion-related processes. The diagrams 
indicate the potential and pH conditions under which the metal is stable 
thermodynamically (or immune to corrosion) and the conditions that may cause the 
dissolution of the metal in the form of ions (corrosion) or its transformation into metal 
oxides, hydroxides, hydrides or salts and further passivation [41-47]. 
 
 Pourbaix diagrams for copper [48], nickel [49], and chromium [50] in 
concentrated aqueous LiBr solutions at 25 ºC have been reported in previous works, 
which are particularly useful to study the corrosion behaviour of these metals and its 
alloys in refrigeration systems. 
 
 The goal of the present work was the analysis of the general conditions of 
immunity, passivation, and corrosion for titanium in concentrated aqueous LiBr 
solutions in the absence and presence of titanium hydrides, which have not been 
reported in the literature. Pourbaix diagrams (electrode potential-pH diagrams) for Ti-
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Br–-H2O system at 25 ºC were developed in 400 g/L, 700 g/L, 850 g/L, and 992 g/L 
(4.61 M, 8.06 M, 9.79 M, and 11.42 M) LiBr solutions, which are common 
concentrations in different parts of absorption devices. The diagrams were compared 
with the simple Ti-H2O system at 25 ºC. 
 
2. Procedure 
 
2.1. Standard Gibbs free energies of formation 
 
 Pourbaix diagrams were constructed from standard Gibbs free energy of 
formation (Gfº) data at 25 ºC for all the species considered. Twelve chemical species 
were considered for the Ti-H2O system: 
 
1. Seven solid species: Ti, TiO, Ti2O3, Ti(OH)3, Ti3O5, TiO2, and TiO2·H2O. 
2. Five aqueous species: Ti+2, Ti+3, TiO+2, HTiO3–, and TiO2+2. 
 
 For the construction of the Pourbaix diagrams for the Ti-Br–-H2O system, three 
additional solid species were considered, as well as the twelve species of the Ti-H2O 
system. These solid species are: TiBr2, TiBr3, and TiBr4. 
 
 For the construction of the Pourbaix diagrams in the presence of titanium 
hydrides, two additional solid species were considered: TiH2 and TiH. Therefore, the 
total number of species was fourteen for the Ti-H2O system and seventeen for the Ti-Br–
-H2O system. Pourbaix diagrams for titanium in concentrated aqueous LiBr solutions 
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considering the titanium hydrides can be useful to study the corrosion behaviour of 
titanium in the presence of hydrogen in the absorption plants. 
 
 The Gfº values used to calculate the equilibria are listed in Table 1, together 
with the oxidation number, and the state of the species. The thermodynamic data for all 
the species are those selected by Bard et al. [51]. 
 
2.2. Reactions 
 
 Equations of different reactions were written between all species in the Ti-Br–-
H2O system. Pairs of species (A and B) were considered in each reaction together with 
the H+ ion, the electrical charge (e–), H2O, and the Br– ion. The reaction equations had 
the following general form: 
 
(1)BrdOHcBbenHmAa 2


   
 
where A and B are the two species containing titanium involved in the reaction. 
 
 The reaction equations used for the construction of the Pourbaix diagrams for 
the Ti-Br–-H2O system are shown in Tables 2-5. The reactions used for the simple Ti-
H2O system are shaded. 
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 For the Ti-H2O system, twelve species were considered with a total number of 
reactions of 66. For the Ti-Br–-H2O system, fifteen species were considered with a total 
number of reactions of 105. Reactions were divided into four types: 
 
1. Electrochemical reactions involving H+. These electrochemical reactions 
depended both on the potential and the pH; they were represented by oblique 
lines in a Pourbaix diagram. The number of reactions was 50 for the Ti-H2O 
system and 70 for the Ti-Br–-H2O system (Table 2). 
2. Electrochemical reactions not involving H+. These electrochemical reactions 
were dependent on the potential and independent of the pH; they were 
represented by horizontal lines in a Pourbaix diagram. The number of 
reactions was 6 for the Ti-H2O system and 16 for the Ti-Br–-H2O system 
(Table 3). 
3. Chemical reactions involving H+. These chemical reactions were 
independent of the potential and dependent on the pH; they were represented 
by vertical lines in a Pourbaix diagram. The number of reactions was 8 for 
the Ti-H2O system and 15 for the Ti-Br–-H2O system (Table 4). 
4. Chemical reactions not involving H+. These chemical reactions were 
independent both of the potential and the pH; they were not represented in a 
Pourbaix diagram, but they were used for the calculation of the equilibrium 
conditions. The number of reactions was 2 for the Ti-H2O system and 4 for 
the Ti-Br–-H2O system (Table 5). 
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 The reactions were classified as: 1) homogeneous reactions (involving all the 
dissolved species), 2) heterogeneous reactions with two solid species, and 3) 
heterogeneous reactions with one solid species. 
 
 In the presence of titanium hydrides, additional electrochemical reactions 
involving H+ were considered: 25 reactions for the Ti-H2O system and 31 reactions for 
the Ti-Br–-H2O system, as shown in Table 6. For the Ti-H2O system in the presence of 
titanium hydrides, fourteen species were considered and the total number of reactions 
increased from 66 to 91. Seventeen species were considered for the Ti-Br–-H2O system 
in the presence of titanium hydrides, so that the total number of reactions increased 
from 105 to 136. 
 
 Conventional procedures were used to calculate the electrochemical and 
chemical equilibria from Gfº data [41]. 
 
3. Results 
 
 Equilibria for the Ti-Br–-H2O system at 25 ºC were determined for activities of 
bromide species representative of the test solutions. The values of the Br– ion activity 
were 15.61, 194.77, 650.06, and 2,042.65, which corresponded to the 400 g/L, 700 g/L, 
850 g/L, and 992 g/L (4.61 M, 8.06 M, 9.79 M, and 11.42 M) LiBr solutions, 
respectively. These extremely high activity values are due to the very large activity 
coefficients of the LiBr solutions. The calculation of the activity values of strong 
electrolytes in aqueous solutions has generally been difficult because of the lack of 
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activity coefficient data. The Debye-Hückel equation unfortunately applies only to 
dilute solutions with concentrations far below those used in industrials applications. 
Meissner and Kusik developed a model to calculate the activity coefficients of strong 
electrolyte in aqueous solutions [52,53], which was described in detail in a previous 
work [48]. The activity coefficients of 400 g/L, 700 g/L, 850 g/L, and 992 g/L aqueous 
LiBr solutions were 2.973, 19.095, 49.472, and 124.78, respectively. 
 
 Activities of the Br– ion were obtained by converting the molar concentrations of 
4.61 M, 8.06 M, 9.79 M, and 11.42 M to their corresponding molal concentrations of 
5.25 m, 10.20 m, 13.14 m, and 16.37 m, and using molality-dependent activity 
coefficients. The densities of the 400 g/L, 700 g/L, 850 g/L, and 992 g/L LiBr solutions 
used for converting molarity to molality were 1.2766 g/cm3, 1.4904 g/cm3, 1.5948 
g/cm3, and 1.6896 g/cm3, respectively, which were calculated using the correlation 
proposed by Patterson and Pérez-Blanco [54]. 
 
 The activity values of water in 400 g/L, 700 g/L, 850 g/L, and 992 g/L LiBr 
solutions were 0.715, 0.358, 0.216, and 0.118, respectively, according to the method 
proposed by Meissner and Kusik [53,55], and described in detail in previous works 
[49,50]. The activity values of water in 400 g/L, 700 g/L, 850 g/L, and 992 g/L LiBr 
solutions were obtained using ionic strengths of 5.25, 10.20, 13.14, and 16.37, and 
reduced activity coefficients of the pure solution at 25 ºC of 2.973, 19.095, 49.472, and 
124.78, respectively. The activities of the dissolved species containing titanium were 
plotted for 10–6, 10–4, 10–2, and 100. 
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 Fig. 1 shows the Pourbaix diagram of the Ti-H2O system at 25 ºC. The Pourbaix 
diagrams of the Ti-Br–-H2O system at 25 ºC for Br– activities of 15.61, 194.77, 650.06, 
and 2,042.65, and water activities of 0.715, 0.358, 0.216, and 0.118 are presented in Fig. 
2-5, respectively. Fig. 1a-5a show the Pourbaix diagrams not considering the titanium 
hydrides and Fig. 1b-5b show the Pourbaix diagrams considering the titanium hydrides, 
which can be useful to study the corrosion behaviour of titanium in the presence of 
hydrogen in the absorption plants. Solid lines delimit the stability regions of the solid 
phases in equilibrium with 10–6, 10–4, 10–2, and 100 activity values of the soluble 
titanium species. Fine broken lines show equilibria between the dissolved species. In 
this work the Pourbaix diagrams and predominance diagrams of the dissolved species 
were superimposed to show the predominating dissolved species in each part of the 
solid stability areas in the Pourbaix diagrams. 
 
 Simplified Pourbaix diagrams for titanium in H2O at 25 ºC are shown in Fig. 6 
and 7 not considering and considering the titanium hydrides, respectively, in the 
absence of Br– ion (Fig. 6a and 7a), for a Br– activity of 15.61 (Fig. 6b and 7b), for a Br– 
activity of 194.77 (Fig. 6c and 7c), for a Br– activity of 650.06 (Fig. 6d and 7d), and for 
a Br– activity of 2,042.65 (Fig. 6e and 7e). These diagrams were plotted for a 10–6 
activity of the soluble titanium species, which was used to separate between corrosion, 
immunity, and passivation. The corrosion areas were shaded to differentiate them from 
immunity and passivation. 
 
 Coarse broken lines in Fig. 1-7, labelled “a” and “b”, delimit the stability area of 
H2O at a partial pressure of the gaseous species equal to 1 atm. The upper line (a) 
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represents the oxygen equilibrium line (O2(g)/H2O(l)), and potentials above this line 
will oxidize H2O as oxygen forms. The lower line (b) represents the hydrogen 
equilibrium line (H+(aq)/H2(g)), and potentials below this line will result in hydrogen 
formation. The potential values reported in this work are always related to the standard 
hydrogen electrode (SHE), which is considered to be zero at 25 ºC. All the diagrams in 
Fig. 1-7 were drawn using Autocad. 
 
 The thermodynamic stability of the titanium species in the Ti-Br–-H2O system is 
summarized in Table 7, where “a” stands for stability in the Pourbaix diagram not 
considering the titanium hydrides, and “b” stands for stability in the Pourbaix diagram 
considering the titanium hydrides. Unmarked species do not appear in the diagrams at 
any Br– activity at the activity values of the soluble titanium species used. 
 
 It notes that the Pourbaix diagrams for titanium in concentrated aqueous LiBr 
solutions of 400 g/L, 700 g/L, 850 g/L, and 992 g/L at 25 ºC have not been reported in 
the literature, and are original in this work. 
 
4. Discussion 
 
4.1. Pourbaix diagrams for titanium in concentrated aqueous LiBr solutions not 
considering the titanium hydrides 
 
 The Pourbaix diagram of the simple Ti-H2O system at 25 ºC (Fig. 1a) shows that 
titanium is a very reactive metal, as the immunity region is situated below the hydrogen 
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equilibrium line (H+(aq)/H2(g)). Titanium corrodes in acid, neutral, and weak alkaline 
solutions to form Ti+2. An increase in Ti+2 activity from 10–6 to 100 results in a higher 
potential value for the formation of Ti+2 from titanium. Ti+2 can form TiO. An increase 
in Ti+2 activity from 10–6 to 100 results in a lower pH value for the formation of TiO 
from Ti+2. Alkaline solutions passivate titanium by the formation of TiO. Ti (II) species 
(Ti+2 or TiO) can oxidize further to three, four, or six valent forms. Depending on pH 
and activity of the dissolved titanium species, Ti (III) species can be either an aqueous 
species (Ti+3), which involves corrosion, or a solid compound (Ti2O3), which involves 
passivation. An increase in the activity of Ti+2 from 10–6 to 100 results in an decrease of 
electrochemical potential for a given pH value at which there is equilibrium between 
Ti2O3 and Ti+2. Ti (III) species (Ti+3 and Ti2O3) and Ti+2 can oxidize to form a solid Ti 
(IV) species (TiO2), which forms a wide passivation area. At very high potentials, TiO2 
oxidizes to form an aqueous Ti (VI) species (TiO2+2), which creates a corrosion area at 
all pH-values. An increase in the activity of TiO2+2 from 10–6 to 100 results in an 
increase of the electrochemical potential at which there is equilibrium between TiO2 and 
TiO2+2. It can be concluded that the activity of the dissolved titanium species changes 
the dimension of the different stability areas of immunity, passivation, and corrosion. 
The immunity area (stability of the metal) and the passivation area (stability of solid 
compounds) increase by increasing the activity of the dissolved titanium species. The 
corrosion area (stability of the dissolved species) at acid, neutral, and weak alkaline pH, 
and the pH-independent corrosion area at high potentials decrease by increasing the 
activity of the dissolved titanium species. 
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 Comparison of the diagram of the simple Ti-H2O system at 25 ºC in Fig. 1a with 
the diagrams of the Ti-Br–-H2O system at 25 ºC in Fig. 2a-5a shows that the titanium 
solubility range in the acid, neutral, and weak alkaline areas of the diagrams extends 
slightly to both higher pH values and potentials with increasing bromide ion activity and 
decreasing water activity, as a result of destabilization of the solid species TiO, Ti2O3, 
and TiO2. 
 
 The precipitation of TiO is governed by the chemical equilibrium with Ti+2, as 
shown in Equation (2), with the conditions at 25 ºC defined by Equation (3): 
 
(2)H2TiOOHTi 2
2 

   
 
(3)
2
O)(Hlog)(Tilog862.10pH 2
2 

 
 
 For an aqueous Ti+2 activity of 10–6, the pH values of the precipitation of TiO 
from Ti+2 are 8.51, 8.66, 8.77, and 8.90 for Br– activities of 15.61, 194.77, 650.06, and 
2.042.65, and for water activities of 0.715, 0.358, 0.216, and 0.118, respectively, as 
shown in Fig. 2a-5a. For each Br– ion activity, an increase in Ti+2 activity from 10–6 to 
100 results in a decrease of the pH value for the formation of TiO from Ti+2. In the 
absence of Br– ions, TiO is precipitated from Ti+2 at a pH value of 8.43, considering a 
Ti+2 activity of 10–6 and a water activity of 1, as shown in Fig. 1a. 
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 The electrochemical equilibrium between Ti+2 and Ti2O3 is shown in Equation 
(4). The corresponding Nernst equation at 25 ºC is given by Equation (5): 
 
(4)OH3Ti2e2H6OTi 2
2
32    
 
  (5)pH177.0OH)Ti(
1log0296.0480.0)V(E 3
2
22SHE/TiOTi 232


   
 
 For each value of the Ti+2 activity, the oxidation of Ti+2 to form Ti2O3 occurs at 
both higher potentials and higher pH values when the bromide ion activity increases and 
the water activity decreases, as shown in Fig. 2a-5a. 
 
 Finally, the precipitation of TiO2 is governed by the electrochemical equilibrium 
with Ti+2 or Ti+3, as shown in Equations (6) and (8), respectively. The corresponding 
Nernst equations at 25 ºC are given by Equations (7) and (9): 
 
(6)OH2Tie2H4TiO 2
2
2    
 
  (7)pH118.0OH)Ti(
1log0296.0518.0)V(E 2
2
2SHE/TiTiO 22


   
 
(8)OH2TieH4TiO 2
3
2    
 
 15
  (9)pH237.0OH)Ti(
1log0591.0664.0)V(E 2
2
3SHE/TiTiO 32


   
 
 For each activity of the dissolved titanium species, the formation of TiO2 from 
Ti+2 or Ti+3 occurs at both higher potentials and higher pH values when the bromide ion 
activity increases and the water activity decreases, as shown in Fig. 2a-5a. 
 
 Neither of the solid titanium bromide species (TiBr2, TiBr3, or TiBr4) are stable 
at Br– activities of 15.61, 194.77, 650.06, and 2,042.65. 
 
 Predominance diagrams for the dissolved species in Fig. 1a-5a show that the 
dissolved titanium species at 25 ºC both in the presence and absence of Br– ions contain 
oxidation numbers II, III, IV, and VI. The titanium species with valency two is Ti+2. The 
three valent titanium species is Ti+3. Oxidation number IV is represented by TiO+2 and 
HTiO3–. The six valent titanium species is TiO2+2. 
 
 Comparison of the simplified Pourbaix diagrams for titanium in H2O at 25 ºC in 
the absence and presence of Br– ions (Fig. 6a-6e) shows that the increase in Br– activity 
and the decrease in water activity shift slightly the corrosion area at acid, neutral, and 
weak alkaline pH to both higher pH values and potentials. The passivation area 
decreases slightly and the immunity area increases slightly with increasing Br– activity 
and decreasing water activity. The size of the pH-independent corrosion area at high 
potentials remains constant with increasing Br– activity and decreasing water activity. 
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4.2. Pourbaix diagrams for titanium in concentrated aqueous LiBr solutions 
considering the titanium hydrides 
 
 The generation of hydrogen is one of the relevant problems in the absorption 
plants, which can have an influence on the formation of metallic hydrides in these 
systems. Therefore, it can be important to know the conditions of immunity, 
passivation, and corrosion for titanium in concentrated aqueous LiBr solutions in the 
presence of titanium hydrides. 
 
 Comparison of the Pourbaix diagrams of the simple Ti-H2O system at 25 ºC not 
considering and considering the titanium hydrides (Fig. 1a and 1b, respectively) shows 
that the titanium immunity area and the TiO passivation area disappear in the presence 
of titanium hydrides. Solid TiH2 is the stable species at low potentials, forming a wide 
passivation area and reducing the size of the corrosion area at acid pH. TiH2 corrodes in 
acid solutions to form Ti+2. An increase in the activity of Ti+2 from 10–6 to 100 results in 
an increase of electrochemical potential for a given pH value at which there is 
equilibrium between TiH2 and Ti+2. In neutral and alkaline solutions TiH2 oxidizes to 
form solid Ti2O3. 
 
 Pourbaix diagrams of Ti-Br–-H2O system at 25 ºC considering the titanium 
hydrides (Fig. 2b-5b) show that the titanium solubility range in the acid area of the 
diagrams extends slightly to both higher pH values and potentials with increasing 
bromide ion activity and decreasing water activity, as a result of destabilization of the 
solid species Ti2O3, and TiO2. 
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 Comparison of the simplified Pourbaix diagrams for titanium in H2O at 25 ºC 
considering the titanium hydrides in the absence and presence of Br– ions (Fig. 7a-7e) 
shows that the increase in Br– activity and the decrease in water activity shift slightly 
the corrosion area at acid pH to both higher pH values and potentials. The passivation 
area decreases slightly with increasing Br– activity and decreasing water activity. The 
size of the pH-independent corrosion area at high potentials remains constant with 
increasing Br– activity and decreasing water activity. 
 
 Pourbaix diagrams for titanium in concentrated aqueous LiBr solutions of 400 
g/L, 700 g/L, 850 g/L, and 992 g/L at 25 ºC in the absence and presence of titanium 
hydrides with precise delineation of the immunity, passivation, and corrosion regions 
provide significant data to better understand the corrosion behaviour of titanium in 
refrigeration systems [8,13,15,26,30]. 
 
5. Conclusions 
 
1. This work has described the construction of Pourbaix diagrams for titanium in 
concentrated aqueous LiBr solutions of 400 g/L, 700 g/L, 850 g/L, and 992 g/L at 25 
ºC in the absence and presence of titanium hydrides, using Br– activities of 15.61, 
194.77, 650.06, and 2,042.65, and water activities of 0.715, 0.358, 0.216, and 0.118, 
respectively, and dissolved titanium species activities of 10–6, 10–4, 10–2, and 100, 
which have not been reported in the literature. Pourbaix diagrams for titanium in 
concentrated aqueous LiBr solutions could be particularly useful to study the 
corrosion behaviour of titanium in refrigeration systems. 
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2. Comparison of the Pourbaix diagrams of the Ti-Br–-H2O system at 25 ºC in 400 g/L, 
700 g/L, 850 g/l, and 992 g/L LiBr with the diagram of simple Ti-H2O system at 25 
ºC shows that: 
A. The titanium solubility range in the acid, neutral, and weak alkaline areas of 
the diagrams extends slightly to both higher pH values and potentials with 
increasing bromide ion activity and decreasing water activity, as a result of 
destabilization of the solid species TiO, Ti2O3, and TiO2. 
B. The passivation area decreases slightly and the immunity area increases 
slightly with increasing Br– activity and decreasing water activity. The size 
of the pH-independent corrosion area at high potentials remains constant 
with increasing Br– activity and decreasing water activity. 
C. The titanium immunity area and the TiO passivation area disappear in the 
presence of titanium hydrides. Solid TiH2 is the stable species at low 
potentials, forming a wide passivation area and reducing the size of the 
corrosion area at acid pH. 
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Figures captions 
Fig. 1. Pourbaix diagram for the Ti-H2O system at 25 ºC (a) not considering the 
titanium hydrides and (b) considering the titanium hydrides. 
Fig. 2. Pourbaix diagram for the Ti-Br–-H2O system at 25 ºC for a Br– activity of 15.61, 
and a water activity of 0.715 (equivalent to 400 g/L LiBr solution) (a) not considering 
the titanium hydrides and (b) considering the titanium hydrides. 
Fig. 3. Pourbaix diagram for the Ti-Br–-H2O system at 25 ºC for a Br– activity of 
194.77, and a water activity of 0.358 (equivalent to 700 g/L LiBr solution) (a) not 
considering the titanium hydrides and (b) considering the titanium hydrides. 
Fig. 4. Pourbaix diagram for the Ti-Br–-H2O system at 25 ºC for a Br– activity of 
650.06, and a water activity of 0.216 (equivalent to 850 g/L LiBr solution) (a) not 
considering the titanium hydrides and (b) considering the titanium hydrides. 
Fig. 5. Pourbaix diagram for the Ti-Br–-H2O system at 25 ºC for a Br– activity of 
2,042.65, and a water activity of 0.118 (equivalent to 992 g/L LiBr solution) (a) not 
considering the titanium hydrides and (b) considering the titanium hydrides. 
Fig. 6. Simplified Pourbaix diagrams for titanium in H2O at 25 ºC not considering the 
titanium hydrides (a) in the absence of Br– ions, (b) for a Br– activity of 15.61, (c) for a 
Br– activity of 194.77, and (d) for a Br– activity of 650.06, and (e) for a Br– activity of 
2,042.65, considering a 10–6 activity of the soluble titanium species. 
Fig. 7. Simplified Pourbaix diagrams for titanium in H2O at 25 ºC considering the 
titanium hydrides (a) in the absence of Br– ions, (b) for a Br– activity of 15.61, (c) for a 
Br– activity of 194.77, and (d) for a Br– activity of 650.06, and (e) for a Br– activity of 
2,042.65, considering a 10–6 activity of the soluble titanium species. 
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Tables captions 
Table 1 
Standard Gibbs Free Energies of Formation (Gfº) at 25 ºC for all the species in the Ti-
Br–-H2O system (aq = aqueous, g = gas, l = liquid, and s = solid) [51] 
Table 2 
Electrochemical reactions involving H+ for the Ti-Br–-H2O system(A) 
Table 2 
Electrochemical reactions involving H+ for the Ti-Br–-H2O system(A) (continuation 1) 
Table 2 
Electrochemical reactions involving H+ for the Ti-Br–-H2O system(A) (continuation 2) 
Table 3 
Electrochemical reactions not involving H+ for the Ti-Br–-H2O system(A) 
Table 4 
Chemical reactions involving H+ for the Ti-Br–-H2O system(A) 
Table 5 
Chemical reactions not involving H+ for the Ti-Br–-H2O system(A) 
Table 6 
Additional electrochemical reactions involving H+ for the Ti-Br–-H2O system, 
considering the titanium hydrides(A) 
Table 6 
Additional electrochemical reactions involving H+ for the Ti-Br–-H2O system, 
considering the titanium hydrides(A) (continuation 1) 
 
 
 28
Table 7 
Calculated thermodynamic stability of titanium species in the Ti-Br–-H2O system (a = it 
appears in the Pourbaix diagram not considering the titanium hydrides; b = it appears in 
the Pourbaix diagram considering the titanium hydrides) 
 
 
 
Species Oxidation number(A) State ΔGfº (kJ/mol) 
H+  aq 0 
H2  g 0 
O2  g 0 
H2O  l – 237.178 
OH–  aq – 157.293 
Ti 0 s 0 
TiH2 II s – 4.92 
TiH I s – 3.59 
TiO II s – 489.2 
Ti2O3 III s – 1432.2 
Ti(OH)3 III s – 1049.8 
Ti3O5 III/IV s – 2314 
TiO2 IV s – 888.4 
TiO2·H2O IV s – 1058.5 
Ti+2 II aq – 314 
Ti+3 III aq – 350 
TiO+2 IV aq – 577.4 
HTiO3– IV aq – 955.9 
TiO2+2 VI aq – 467.2 
Br–  aq – 103.97 
TiBr2 II s – 382.4 
TiBr3 III s – 521.3 
TiBr4 IV s – 610.9 
 
(A) Oxidation number for the titanium species. 
 
Table 1 (revised)
Type Equation Number
OHTie2H2TiO 2
22 +++ +→←−++  1 
OH3Tie2H5HTiO 2
2
3 +++ +→←−+−  2 
OH2Tie4H4TiO 2
22
2 +++ +→←−++  3 
OHTieH2TiO 2
32 +++ +→←−++  4 
OH3TieH5HTiO 2
3
3 +++ +→←−+−  5 
OH2Tie3H4TiO 2
32
2 +++ +→←−++  6 
OHTiOe2H2TiO 2
22
2 +++ +→←−++  7 
Homogeneous 
+−→
←
−+ +++ HHTiOe2OHTiO 3222  8 
OHe2H2 2+++ →←−+ TiTiO  9 
OH32e6H6 2+++ →←−+ TiOTi 32  10 
OH3e3H3 2+++ →←−+ TiTi(OH)3  11 
OH53e10H10 2+++ →←−+ TiOTi 53  12 
OH2e4H4 2+++ →←−+ TiTiO2  13 
OH3e4H4 2+++ →←−+ TiO·HTiO 22  14 
OH2e2H2 2+++ →←−+ TiOOTi 32  15 
OH2eH 2+++ →←−+ TiOTi(OH)3  16 
OH23e4H4 2+++ →←−+ TiOOTi 53  17 
OHe2H2 2+++ →←−+ TiOTiO2  18 
OH2e2H2 2+++ →←−+ TiOO·HTiO 22  19 
+−→
←
− ++++ H2Br3eOH2 TiOTiBr3  20 
+−→
←
− ++++ H2Br4e2OH2 TiOTiBr4  21 
OH3e2H22 2+++ →←−+ 3253 OTiOTi  22 
OHe2H22 2+++ →←−+ 322 OTiTiO  23 
OH3e2H22 2+++ →←−+ 3222 OTiO·HTiO  24 
OH32e2H6Br4 2++++ →←−+− 232 TiBrOTi  25 
+−→
←
− ++++ H6Br8e2OH32 2 324 OTiTiBr  26 
353 Ti(OH)OTi 3eOH4H 2
→
←
−+ +++  27 
Heterogeneous 
with two solid 
species 
32 Ti(OH)TiO
→
←
−+ +++ eOHH 2  28 
 
 
 
Table 2
Type Equation Number
322 Ti(OH)O·HTiO
→
←
−+ ++ eH  29 
OH3eH3Br2 2++++ →←−+− 23 TiBrTi(OH)  30 
+−→
←
− ++++ H3Br4eOH3 2 34 Ti(OH)TiBr  31 
OHe2H23 2+++ →←−+ 532 OTiTiO  32 
OH4e2H23 2+++ →←−+ 5322 OTiO·HTiO  33 
OH53e4H10Br6 2++++ →←−+− 253 TiBrOTi  34 
OH53eH10Br9 2++++ →←−+− 353 TiBrOTi  35 
+−→
←
− ++++ H10Br12e2OH53 2 534 OTiTiBr  36 
OH2e2H4Br2 2++++ →←−+− 22 TiBrTiO  37 
OH2eH4Br3 2++++ →←−+− 32 TiBrTiO  38 
OH3e2H4Br2 2++++ →←−+− 222 TiBrO·HTiO  39 
Heterogeneous 
with two solid 
species 
OH3eH4Br3 2++++ →←−+− 322 TiBrO·HTiO  40 
OHe4H2TiO 2
2 +++ →←−++ Ti  41 
OH3e4H5HTiO 23 +++ →←−+− Ti  42 
OH2e6H4TiO 2
2
2 +++ →←−++ Ti  43 
+→
←
−+ +++ H2eOHTi 23 TiO  44 
OH2e2H3HTiO 23 +++ →←−+− TiO  45 
OHe4H2TiO 2
2
2 +++ →←−++ TiO  46 
OH3Ti2e2H6 2
2 +++ +→←−+32OTi  47 
+→
←
−+ +++ H2e2OHTiO2 22 32OTi  48 
OH3e2H4HTiO2 23 +++ →←−+− 32OTi  49 
OHe6H2TiO2 2
2
2 +++ →←−++ 32OTi  50 
OH3TieH3 2
2 +++ +→←−+3Ti(OH)  51 
+→
←
−+ +++ HeOH2TiO 22 3Ti(OH)  52 
3Ti(OH)
→
←
−+− ++ eH2HTiO3  53 
3Ti(OH)
→
←
−++ +++ e3OHHTiO 222  54 
OH5Ti3e4H10 2
2 +++ +→←−+53OTi  55 
OH5Ti3eH10 2
3 +++ +→←−+53OTi  56 
Heterogeneous 
with one solid 
species 
+→
←
−+ +++ H4e2OH2TiO3 22 53OTi  57 
 
 
Table 2 (continuation 1)
Type Equation Number
OH4e2H5HTiO3 23 +++ →←−+− 53OTi  58 
OHe8H2TiO3 2
2
2 +++ →←−++ 53OTi  59 
OH2Tie2H4 2
2 +++ +→←−+2TiO  60 
OH2TieH4 2
3 +++ +→←−+2TiO  61 
OH3Tie2H4 2
2 +++ +→←−+O·HTiO 22  62 
OH3TieH4 2
3 +++ +→←−+O·HTiO 22  63 
OHe2H2Br2TiO 2
2 ++++ →←−+−+ 2TiBr  64 
OHeH2Br3TiO 2
2 ++++ →←−+−+ 3TiBr  65 
OH3e2H5Br2HTiO 23 ++++ →←−+−− 2TiBr  66 
OH3eH5Br3HTiO 23 ++++ →←−+−− 3TiBr  67 
OH2e4H4Br2TiO 2
2
2 ++++ →←−+−+ 2TiBr  68 
OH2e3H4Br3TiO 2
2
2 ++++ →←−+−+ 3TiBr  69 
Heterogeneous 
with one solid 
species 
OH2e2H4Br4TiO 2
2
2 ++++ →←−+−+ 4TiBr  70 
 
(A) Solid species are typed in bold letters. Reactions used for the construction of the Pourbaix diagram 
for the simple Ti-H2O system are shaded. 
 
 
 
 
 
 
 
 
 
 
 
Table 2 (continuation 2)
Type Equation Number
Homogeneous 23 TieTi +→←
−+ +  71 
−→
←
− ++ Br2e2 TiTiBr2  72 
−→
←
− ++ Br3e3 TiTiBr3  73 
−→
←
− ++ Br4e4 TiTiBr4  74 
−→
←
− ++ Bre 23 TiBrTiBr  75 
−→
←
− ++ Br2e2 24 TiBrTiBr  76 
Heterogeneous 
with two solid 
species 
−→
←
− ++ Bre 34 TiBrTiBr  77 
Ti→←
−+ + e2Ti 2  78 
Ti→←
−+ + e3Ti 3  79 
TiO→←
−+ + e2TiO 2  80 
2TiO
→
←
−+ + e2TiO 22  81 
O·HTiO 22
→
←
−+ ++ e2OHTiO 222  82 
−+→
←
− ++ Br3Tie 23TiBr  83 
−+→
←
− ++ Br4Tie2 24TiBr  84 
2TiBr
→
←
−−+ ++ eBr2Ti 3  85 
Heterogeneous 
with one solid 
species 
−+→
←
− ++ Br4Tie 34TiBr  86 
 
(A) Solid species are typed in bold letters. Reactions used for the construction of the Pourbaix diagram 
for the simple Ti-H2O system are shaded. 
 
 
 
 
 
 
 
 
Table 3
Type Equation Number
Homogeneous +−→←
+ ++ H3HTiOOH2TiO 322  87 
+−→
← +++ H2Br2OH2 TiOTiBr2  88 
+−→
← +++ H6Br6OH32 2 323 OTiTiBr  89 
+−→
← +++ H3Br3OH3 2 33 Ti(OH)TiBr  90 
+−→
← +++ H4Br4OH2 2 24 TiOTiBr  91 
Heterogeneous 
with two solid 
species 
+−→
← +++ H4Br4OH3 2 O·HTiOTiBr 224  92 
+→
←
+ ++ H2OHTi 22 TiO  93 
+→
←
+ ++ H6OH3Ti2 23 32OTi  94 
+→
←
+ ++ H3OH3Ti 23 3Ti(OH)  95 
+→
←
+ ++ H2OHTiO 22 2TiO  96 
+−→
← ++ HHTiOOH 322TiO  97 
+→
←
+ ++ H2OH2TiO 22 O·HTiO 22  98 
+−→
← + HHTiO3O·HTiO 22  99 
+−+→
← +++ H2Br4TiOOH 224TiBr  100 
Heterogeneous 
with one solid 
species 
+−−→
← +++ H5Br4HTiOOH3 324TiBr  101 
 
(A) Solid species are typed in bold letters. Reactions used for the construction of the Pourbaix diagram 
for the simple Ti-H2O system are shaded. 
 
 
 
 
 
 
 
 
 
Table 4
Type Equation Number
332 Ti(OH)OTi 2OH3 2
→
←+  102 Heterogeneous 
with two solid 
species O·HTiOTiO 222
→
←+ OH2  103 
2TiBr
→
←
−+ + Br2Ti 2  104 Heterogeneous 
with one solid 
species 3TiBr
→
←
−+ + Br3Ti 3  105 
 
(A) Solid species are typed in bold letters. Reactions used for the construction of the Pourbaix diagram 
for the simple Ti-H2O system are shaded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5
Type Equation Number
2TiHTi
→
←
−+ ++ e2H2  106 
TiHTi →←
−+ ++ eH  107 
2TiHTiH
→
←
−+ ++ eH  108 
OHe4H4 2+++ →←−+ 2TiHTiO  109 
OH32e10H10 2+++ →←−+ 232 TiHOTi  110 
OH3e5H5 2+++ →←−+ 23 TiHTi(OH)  111 
OH53e16H16 2+++ →←−+ 253 TiHOTi  112 
OH2e6H6 2+++ →←−+ 22 TiHTiO  113 
OH3e6H6 2+++ →←−+ 222 TiHO·HTiO  114 
−→
←
−+ +++ Br2e4H2 22 TiHTiBr  115 
−→
←
−+ +++ Br3e5H2 23 TiHTiBr  116 
−→
←
−+ +++ Br4e6H2 24 TiHTiBr  117 
OHe3H3 2+++ →←−+ TiHTiO  118 
OH32e8H8 2+++ →←−+ TiHOTi 32  119 
OH3e4H4 2+++ →←−+ TiHTi(OH)3  120 
OH53e13H13 2+++ →←−+ TiHOTi 53  121 
OH2e5H5 2+++ →←−+ TiHTiO2  122 
OH3e5H5 2+++ →←−+ TiHO·HTiO 22  123 
−→
←
−+ +++ Br2e3H TiHTiBr2  124 
−→
←
−+ +++ Br3e4H TiHTiBr3  125 
Heterogeneous 
with two solid 
species 
−→
←
−+ +++ Br4e5H TiHTiBr4  126 
2TiH
→
←
−++ ++ e4H2Ti 2  127 
2TiH
→
←
−++ ++ e5H2Ti 3  128 
OHe6H4TiO 2
2 +++ →←−++ 2TiH  129 
OH3e6H7HTiO 23 +++ →←−+− 2TiH  130 
OH2e8H6TiO 2
2
2 +++ →←−++ 2TiH  131 
Heterogeneous 
with one solid 
species 
TiH→←
−++ ++ e3HTi 2  132 
 
 
 
Table 6
Type Equation Number
TiH→←
−++ ++ e4HTi 3  133 
OHe5H3TiO 2
2 +++ →←−++ TiH  134 
OH3e5H6HTiO 23 +++ →←−+− TiH  135 
Heterogeneous 
with one solid 
species 
OH2e7H5TiO 2
2
2 +++ →←−++ TiH  136 
 
(A) Solid species are typed in bold letters. Reactions used for the construction of the Pourbaix diagram 
for the simple Ti-H2O system are shaded. 
 
Table 6 (continuation 1)
Species 
(Br–) = 0 
(H2O) = 1 
[LiBr] = 0 g/L 
(Br–) = 15.61 
(H2O) = 0.715 
[LiBr] = 400 g/L 
(Br–) = 194.77 
(H2O) = 0.358 
[LiBr] = 700 g/L 
(Br–) = 650.06 
(H2O) = 0.216 
[LiBr] = 850 g/L 
(Br–) = 2,042.65 
(H2O) = 0.118 
[LiBr] = 992 g/L 
Ti a a a a a
TiH2 b b b b b 
TiH      
TiO a a a a a 
Ti2O3 ab ab ab ab ab 
Ti(OH)3      
Ti3O5      
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